The microstructurally-induced heterogeneous stress fields arising in a series of Crdoped polycrystalline alumina materials are mapped with sub-micrometer sub-grain size resolution using fluorescence microscopy. Analysis of the hyperspectral data sets generated during imaging enabled both the amplitude and position of the characteristic Cr R1 fluorescence peak to be determined at every pixel in an image. The peak amplitude information was used to segment the images into individual grains and grain boundary regions. The peak position information, in conjunction with measurements on single-crystal controls, was used to quantify overall stress distributions in the materials and provide stress scales for maps. The combined information enabled spatial variations in the stress fields in crystallographic axes to be mapped and compared directly with microstructural features such as grains and grain boundaries. The mean c-axis stresses in these materials were approximately 200 MPa with stress distribution widths of about 70 MPa, both increasing with average grain size. Greatest variations in stress were observed at grain junctions; no trend in the stress for individual grains with grain size was observed. 
Introduction
It has long been known that the incorporation of Cr into the Al2O3 single-crystal corundum structure generates photoluminescent sites that fluoresce with a characteristic ruby red color [1] [2] [3] [4] . Cr is incorporated into corundum by substitutional occupation of Al sites with octahedral oxygen coordination. The octahedra are distorted, being somewhat extended along the body diagonal of the trigonal corundum lattice and exhibit three-fold rotational symmetry about the lattice c axis. As a consequence of the octahedral geometry, the ruby fluorescence is split into a doublet consisting of two closely spaced fluorescent lines, designated R1 and R2, with energies, specified in wavenumbers, of approximately 14403 cm −1 and 14433 cm −1 , respectively (the wavelengths are approximately 694 nm). Early experiments showed that further distortion of the octahedral sites by application of stress to the corundum structure leads to shifts in these energies [3, 4] , as do changes in temperature [5, 6] and composition [7] , which also distort the octahedra.
The intensity of the photoluminescence is strongly dependent on the polarization direction of the excitation light relative to the orientation of the octahedral sites and thus the orientation of the crystal [1, 2] .
Measurements of the energy shifts have been applied to assess the stress state in single crystal (ruby or sapphire) and polycrystalline Al2O3 materials. (Transparent sapphire and translucent or opaque white polycrystalline Al2O3 usually contain enough trace Cr to make such measurements possible.) Initial applications focused on the calibration of the fluorescent line shifts with hydrostatic pressure in single crystals, such that the incorporation of small ruby chips into diamond anvil cells (DACs) enabled the pressure to be measured during high pressure experiments [8] [9] [10] [11] [12] . The coefficient linearly relating the shift in energy, ∆ν, to the pressure, p, was found to be similar for R1 and R2 and approximately ∆ν [cm −1 ] = −7.6 [cm −1 /GPa] × p
[GPa], broadly consistent with earlier hydrostatic [13, 14] and uniaxial compression measurements [3, 4, 15] . The first to apply measurement of the fluorescence shifts to polycrystalline Al2O3 was Grabner [16] , who developed a crystallographic analysis to describe the shifts for an arbitrary stress. Grabner combined this analysis with the shift coefficients determined under uniaxial compression [3, 4] to assess the residual stress state arising from thermal expansion anisotropy of the constituent corundum grains in polycrystalline Al2O3:
tensile and compressive stresses of order hundreds of megapascal were inferred, consistent with calculations and similar, later, observations [17, 18] . The subsequent work of Clarke significantly extended the technique for applications involving polycrystalline Al2O3. In particular, Clarke and colleagues: verified that the shift coefficients determined in compression were also valid in tension [19, 20] ; refined and extended the analysis of Grabner to enable interpretation of shifts and distributions of shifts arising from inhomogeneous stress fields [20] ; refined determination of the shift coefficients as a function of crystal orientation and verified that shifts are not affected by application of shear stress [21] ; and, quantified the polarization dependence of the photoluminescent R-line intensities [22] .
Clarke and colleagues applied their techniques to measure stresses in fibers in matrices [23] [24] [25] , stresses in polycrystalline Al2O3-ZrO2 composites and laminates [26] [27] [28] , and strain in wrinkled oxide coatings formed on metal surfaces [29] [30] [31] [32] [33] . Pezzotti and colleagues also applied the fluorescence shift methodology to measure stress distributions in Al2O3-ZrO2 composites [34] (similar to [35] ), but more importantly made the first direct determination of stresses in bridging ligaments behind crack tips in large-grained polycrystalline Al2O3 [36] and in a series of Al2O3 materials with microstructures tailored with Al2O3 platelets [37, 38] and metal particles [37, [39] [40] [41] to maximize bridging. More recently, Todd and colleagues have used the methodology to measure stresses in polycrystalline Al2O3 and Al2O3-SiC composites [42] , including the effects of surface grinding [43, 44] , and proximity to indentations [45, 46] and high strain rate impacts [47] in polycrystalline Al2O3, Al2O3-SiC, and Al2O3-ZrO2.
Despite the above advances and demonstrated applications, very few works have used fluorescence shift measurements to generate images (two-dimensional, 2-D, maps) of stress heterogeneity in Al2O3 systems. Most measurements have been single point measurements (for example [21, 48] ) using optical probe spot diameters of about 10 µm, or large area measurements with spot diameters up to 100 µm encompassing and averaging the responses of many grains in polycrystals (for example, [16, 19, 20, 26-28, 35, 49] ). In some cases, a series of point measurements using spot diameters of (1 to 2) µm have been combined to make (onedimensional) line scans. These include spot measurements about 40 µm apart to assess pressure inhomogeneity in the early DAC measurements [50] . Clarke and colleagues used point measurements in (10 to 50) µm steps to generate line scans around indentations in sapphire and in bent beams of polycrystalline Al2O3 [19] , on Al2O3-ZrO2 laminates [28] , on polycrystalline Al2O3 fibers in an Al matrix [25] , and around holes in polycrystalline Al2O3 films on metal substrates [30] . Similar measurements on (50 to 500) µm centers have been performed along Al2O3-ZrO2 fibers [51] and single crystal and polycrystalline Al2O3 fibers [52] [53] [54] imbedded in epoxy matrices. The bridging ligament measurements of Pezzotti and colleagues formed line scans with (10 to 15) µm steps [36] [37] [38] [39] and the indentation measurements of Todd and colleagues and others generated line scans with (2 to 6) µm steps [45, 46, 55] .
The first true images of stress heterogeneity in Al2O3 using fluorescence shifts were provided by Dauskardt and Ager [56] , who constructed 2-D maps from a series of 31 one-dimensional stripes of shifts obtained with a custom-built linear detector [57] . The stripes were 2 mm × 20
µm centered on (30 to 50) µm steps and 16 µm lateral resolution was demonstrated. A relation similar to that given above for pressure was used to infer stress from measured shifts in polycrystalline Al2O3 and Al2O3-SiC composites containing notches. Fluctuations in stress of ± 25 MPa over distances of 200 µm were observed in the Al2O3. Subsequent studies using commercial Raman microprobe instruments demonstrated about 1 µm lateral resolution in images of indentations in ruby (stress variations of (−1.9 to 0.2) GPa inferred using the pressure relation) [58] , loaded cracks in a Al2O3-Mo composite (±500 MPa inferred using the pressure relation) [40] , and plan and cross-section views of oxidized alloys ((−7 to −1) GPa stated) [33, 59] . A modified commercial near-field microscope was used to demonstrate 160 nm lateral resolution on a polycrystalline Al2O3, but no stress values were reported for a map with 400 nm pixels [60] . A custom-built wide-field instrument capable of centimeter-scale images [61] was used to image oxidized alloys with 16 µm pixels ((0 to 1.4) GPa inferred from the pressure relation) [62] . Commercial instruments have also been used to generate wide-field images of biaxially-loaded plates of sapphire with 125 µm pixel spacing ((0 to 2) GPa using a biaxial stress relation) [63] and impact sites in polycrystalline Al2O3 with 50 µm spacing ((130 to 660) MPa inferred from the pressure relation) [47] .
Here, we build on the previous works and demonstrate 2-D stress mapping using fluorescence microscopy of polycrystalline Al2O3 with an emphasis on quantification of the stress variation within microstructures and between materials. Extensions to previous work include: (1) the use of 625 nm pixel size that enables sub-grain resolution; (2) large numbers of pixels/image that enable statistically relevant interpretations of the hyperspectral data cubes; (3) intensity-based image segmentation into individual grains and boundary regions; and, (4) explicit use of stress-free and composition controls in developing shift-based stress distributions and maps. The combination of (3) and (4) enables grain-by-grain investigation of stress variation.
The test materials are a series of large-grain size Cr-doped polycrystalline materials; control materials are sapphire and ruby single crystals.
Analysis
The analysis relating measured fluorescence shifts in Al2O3 to underlying stress states is summarized here. The analysis follows the work of Ma and Clarke [20] , which provided relations between shifts, stresses, and their distributions for polycrystalline Al2O3 with microstructurally-induced residual stress states arising from the anisotropic thermal expansion of the corundum structure. The effects of composition are also addressed.
The basis for analysis is the relation between the stress-induced scalar shift in the energy of a fluorescence line from a single crystal, ∆νσ, and the stress tensor, σij, describing the state of deformation of the crystal [16] ,
Here σij is taken in the crystal frame of reference and Πij is the piezospectroscopic coefficient tensor in the same frame. Πij is a symmetric second rank tensor that has symmetry properties determined by the site symmetry of the fluorescing ion. In particular, for Cr substituting for Al in a distorted octahedral site in the corundum structure, the only non-zero terms in Πij are Π11, Π22, and Π33. Hence, equation (1) 
In principal, the three-fold rotational symmetry about the corundum 3-(or c-)axis should lead to equivalence of the 1-and 2-(or a-and m-)axes, and this is what is assumed here, using conventional notation of Π11= Π22 = Πa and Π33 = Πc. For the case of hydrostatic loading σ11 = σ22 = σ33 = −p, where p is the pressure, equation (2) becomes ∆νσ = −(2Πa + Πc)p, and this is the basis for shifts in the ruby R lines used as pressure gauges in high pressure measurements.
Although Πa and Πc are different for the R1 and R2 lines [3, 4, 15, 21] , the pressure sensitivity −(2Πa + Πc) is nearly the same for the two lines [25, 64, 65] . Here, attention will focus on the R1 line shifts, and the values Πa = 3.26 cm −1 /GPa and Πc = 1.53 cm −1 /GPa calibrated from uniaxial deformation measurements will be used [21, 22] ; these values have been demonstrated to apply in both tension and compression, and give a pressure coefficient of −8.05 cm −1 /GPa, very close
to the values calibrated in DACs noted above.
In the corundum structure, the linear coefficient of thermal expansion (CTE) along the caxis is greater than along the a-axis. Rotational symmetry about the c-axis requires the CTE in the c-(or basal-)plane to be isotropic with the a-axis value. As a consequence, in the absence of constraint, on cooling a corundum structure will contract more along the c-axis than in the basal plane. In a dense, polycrystalline alumina material, however, the misalignment of the corundum structure from one grain to the next provides a microstructural constraint on the contractions, leading to reaction stresses. The reaction stresses are opposite in sign to the constraint-free relative CTE cooling strains such that the stress developed along the c-axis, c σ , averaged over many grains, is tensile, and the similarly averaged stress developed in the basal plane, a σ , is compressive:
Further, considerations of mechanical equilibrium for a polycrystal with a random distribution of corundum grain orientations show that the relationship between these two average stresses is a c σ σ
Using these average stresses allows equation (2) to be re-written to express the mean shift,
measured from a random ensemble of grains:
Combining equations (3) and (4) gives a relation that enables the average stress values to be determined from the mean shift,
The distributions of stresses in the a and c directions about the average values can be determined from the distribution of shifts, if the stresses are independent and Gaussian distributions with the same variance, 2 w σ , are assumed in both directions. The probability density functions for stresses in the a and c directions are then given by
The variance of the stress distributions is related to the variance of the shift distribution,
It is important to note that The effect of Cr content on the position of the R1 and R2 lines has been studied by Kaplyanskii [7] , who showed that the composition-induced shift, ∆νC, varied linearly with
where Cm is composition given as the mass fraction of Cr in the Al2O3:Cr structure (noting that for small fractions Cm is ≈ 1.02 × the mole fraction of Cr2O3 in the Al2O3:Cr2O3 mixture). The coefficient β is slightly different for the two lines with, for measurements at 77 K, β = (96 ± 5) cm −1 for the R1 line and β = (101 ± 5) cm −1 for the R2 line (uncertainties cited by [7] ). The shifts due to composition and stress effects are independent and additive, such that the total mean shift, ν ∆ , is given by the sum of equations (4) and (8):
The variance in the total shift is assumed to arise solely from the variance in the stress-induced shift,
Experimental Methods

Materials
Two Al2O3 single-crystals were taken as stress-free reference materials. reflections from this plate gave equivalent 00.1 lattice spacing relative to the ruby standard of 1.000 30 and 0.999 75, respectively, consistent with no significant lattice spacing or internal stress field difference between the single crystals.
A series of three polycrystalline Al2O3 materials was considered in detail for quantitative stress mapping. The series had been studied extensively in a previous work [66] considering the effects of microstructure, grain size in particular, on the variation of the strength and toughness properties in ceramics as a function of flaw size and crack length. Processing and microstructural details are given elsewhere [66] , but in brief: The materials were infused in a porous state with a chromate solution prior to sintering at 6 h, 12 h, and 18 h at 1600 °C in H2. The resulting polycrystalline materials had greater than 99.5 % relative density. The mode grain sizes were approximately 10 µm, 15 µm, and 20 µm for the three sintering times, although the grain-size distributions were broad and some grains were as large as 60 µm in all three materials. After sintering, the Cr-infused samples were pinkish in color, although less so for the longer sintering times. Sections of each material were polished for electron microprobe analysis, which showed a Cr content of approximately 0.025 % expressed as the mass fraction of Cr in Al2O3:Cr. Another section of each material was cut and polished for the hyperspectral confocal fluorescence microscopy.
Hyperspectral scanning fluorescence microscopy
The confocal sample-scanning optical microscope was based on a custom-built design previously described [67] with the following modifications, see nm in diameter on the surface of the samples, which were mounted on an xyz-piezo-scan stage (NanoCube, Physik Instrumente, Karlsruhe, Germany). Epi-fluorescence from the sample was collected back through the objective, passed through the long-pass filter and focused into a single-mode optical fiber (SM600, Thorlabs) acting as the confocal aperture. It is estimated that light was collected from depths no greater than about 3 µm beneath the surface (much less than the material grain size). Spectra were dispersed through a 1/2-meter spectrometer (Acton SP 2500i, Princeton Instruments, Acton, MA) with a grating pitch of 2400-groove mm −1 and imaged on a liquid-N2 cooled CCD camera (SPEC-10, Princeton Instruments), where the spectral region between 14506 cm −1 and 14317 cm −1 containing the R1 and R2 peaks was spread over the 1340 pixels of the camera (to give pixel spectral resolution of ≈ 0.14 cm −1 ). The absolute wavenumber axis for the camera was calibrated using five atomic emission reference lines that occur in this spectral range from neon, argon, and krypton lamps.
Reference calibration and hyperspectral mapping
Repeat fluorescence spectra from the same sample location were obtained for the two singlecrystal reference materials, the ruby sphere and the sapphire plate: 50 spectra for the ruby and 40
for the sapphire. The spectra from the ruby standard were collected with an incident power of 50 µW and an integration time for each spectrum of 1 sec. Due to the low Cr concentration, the spectra from the sapphire crystal required 5 min integration times with incident power of 2.5 mW. The spectra were fit to a spectral model consisting of two peaks (R1 and R2) each with a
Pearson VII line shape with fixed best-fit shape parameters for each peak, yielding the peak center wavenumbers, spectral widths, and amplitudes.
Hyperspectral maps of the fluorescence from the polycrystalline samples were collected from regions 80 µm × 80 µm square in 128 rows at 128 pixels per row (625 nm pixel −1 ), integrating for 0.5 s pixel −1 for the 6-h and 12-h materials and 1.0 s pixel −1 for the 18-h material to achieve signal-to-noise ratios > 200:1. For each material, a total of 12 unique, randomly selected, 80 µm × 80 µm square regions were mapped. For each spectrum in a map, a subset of 628 spectral pixels were fit in a Matlab environment (Mathworks, Natick, MA) to a dual-peak
Pearson VII model with shape parameters as above, yielding peak amplitude, width, and center wavenumber parameters for R1 and R2. The peak amplitude (intensity) data were used to segment the maps into individual grains and grain-boundary regions using digital image manipulation, taking advantage of the strong polarization dependence of the fluorescence intensity [1, 2, 22] and the different orientations of individual grains relative to the excitation polarization. The peak center data were used in combination with the single-crystal control measurements to determine peak center shift distributions that were analyzed as described above to determine mean stress and stress distributions and thence provide scales for the stress maps. The values here represent experimental (mean ± standard deviations) of the fit peak center wavenumbers. The average peak widths for the ruby and sapphire were 11.79 cm −1 and 11.00 cm −1 for R1 and 9.28 cm −1 and 8.86 cm −1 , respectively, for R2; as well as a shift, the increased Cr concentration caused a broadening of the ruby peaks relative to those of sapphire. These peak center positions and peak widths for sapphire are very similar to other room-temperature measurements [20, 21] , as are the peak center positions for ruby [58] . Assuming shift differences deriving solely from the substantial Cr composition of the ruby relative to the negligible Cr composition of the sapphire, the ruby -sapphire peak center shift differences determined here are (0.55 ± 0.10) cm −1 for R1 and (0.63 ± 0.03) cm −1 for R2, where the uncertainties were determined by propagation of variance. These room-temperature determined values are greater than (0.41 ± 0.02) cm −1 for R1 and (0.43 ± 0.02) cm −1 for R2 from Eq. 8 using the β values determined at 77 K [7] ; differences that remain to be explained. Table 1 , along with the stress-induced standard deviation values
Results
Single Crystals
Polycrystalline Materials: Stress Distributions
, using equation (10). Table 1 gives the mean stress values in the a and c directions within the corundum grains, a σ and c σ , respectively, using equations (3) and (5), and the width of the distributions, σw, about these mean values, using equation (7), for each of the samples. Figure 5 shows the σa and σc stress distributions for each material determined using equation (6) and the values in Table 1 . [20, 49] . This difference arises as here the characteristic width of the mean peak center distribution (about 0.5 cm −1 ) of local measurements was taken to characterize the stress distribution rather than the width of a convolved peak (about 10 cm −1 , similar to that of Figs. 2 and 3) arising from a broad area measurement that convoluted many local measurements [20] .
Notwithstanding the reduced stress distribution widths, the σa and σc stress distributions overlap for each material, particularly so for the smallest mode grain size material. A consequence of this overlap is that although the mean stress values in the c and a directions have the expected signs, Page 13 of 25 positive and negative, respectively, the width of the stress distributions implies that c directions in some grains will be under compressive (negative) stress and the a directions in some grains will be under tensile (positive) stress.
Polycrystalline Materials: Stress Maps
Figure 6(upper) shows an intensity map of a region in the microstructure of the 12-h material.
The strong polarization dependence of the fluorescence intensity (and to a lesser extent, the polarization-dependent efficiency of the diffraction grating in the spectrometer) provides a contrast mechanism for the differently-oriented grains and such that the grain structure of the material is apparent. determined from the peak center distribution parameters given in Table 1 :
where ν is the peak-center wavenumber determined at each pixel in each map. It is clear from Fig. 7 that although the stress varies from point to point in the microstructure there is not an overly strong correlation between the variation and the local grain and grain boundary structure:
The grains tend to be uniformly stressed and the largest variations in stress tend to appear in isolated areas in grain boundary regions.
A more detailed assessment of the variation of stress throughout the microstructures is enabled by the identification of individual grains through the image segmentation process. Figure 8 shows a series of σc stress histograms for the three materials mapped in Fig. 7 . The binning procedure was similar to that used in Fig. 4 The image segmentation process also enabled the area of individual grains to be determined. Figure 9 shows the σc stress for individual segmented grains in each material as a function of grain area. The symbols represent the means and standard deviation limits of the stress determined within a grain (essentially analysis of the individual grain data in Fig. 8) ; about 100 grains were analyzed for each material. The grey bands behind the data represent the means (band midpoint) and standard deviation limits (band edges) determined for each material, as given in Table 1 . Beyond noting the consistency with the above that the variation of stress within individual grains is much less than the material as a whole, there does not appear to be a trend of stress in individual grains with grain size.
Discussion and Conclusions
The respectively [20, 49] . As noted in those earlier studies there are clear microstructural effects that are sensed by the stress measurements: In particular, the increase in mean stress and spread in stress ( Fig. 5) with increasing average grain size [49] .
Other studies have also reported microstructurally-controlled intrinsic stress values in polycrystalline Al2O3 of order hundreds of megapascal, but beyond noting the numerical agreement there are difficulties in making more detailed comparisons: First, in many prior works, as here (Fig. 2) , an (unstressed) single-crystal ruby or sapphire was measured and line shifts in the polycrystalline material relative to the single-crystal reference or control, usually from large-area measurements, were determined [16-18, 20, 26, 27, 31, 49, 61] . In many cases, however, no reference or control was provided [19, 29, 55, 56, 59] , or the reference was Al2O3 powder of unknown stress state [34, 39, 40] , making absolute quantitative connection between line position measured in the polycrystalline material and stress state uncertain. In some cases, in which the Al2O3 microstructural stresses were not the focus, measurements on polycrystalline Al2O3 without applied stress [38] , composite additions [42] , or grinding or impact damage [43, 44, 47] have provided appropriate relative reference values. The approximate equivalent procedure here would have taken the mean absolute peak centers, ν , (Fig. 4, Table 1 ) as the reference value for each material. (In oxidized alloy films the stresses are so large, several gigapascal, [29, 33, 59, 61, 62] that a reference measurement is hardly required.)
A second difficulty in comparing the stress measurements here with prior measurements is that several different relations have been used to determine stress values from shift values. In particular, equation (2) 
where the second line in equation (12) emphasizes that the first term provides a contribution to the shift from the mean stress in the structure, σM, and the second term provides a contribution from the shear stress, σS. For residually-stressed microstructures in mechanical equilibrium, averaged over a large number of points as in a large-area measurement, Hence the decision here to assign the inferred axial stress distribution via equation (11) to the stress scales in Figs. 7 to 9 ; averaged over the maps, histograms, or graphs, the distributions converge to the correct mean values. From a mapping perspective, equation (12) applies at every point in the map, but, in the absence of other information, with an unknown balance of contributions to the measured shift from σM and σS (and certainly unknown contributions from σ11, σ22, and σ33). However, if the difference (Πc -Πa) is small relative to the pressure coefficient (2Πa + Πc), (as it is for R2 [3, 15, 21] ), the shift will be dominated by the σM term in equation (12), independent of the magnitude of σS. In the original work on polycrystalline Al2O3, Grabner reported upper bounds for σM and σS, depending on which term dominated equation (12) [16] , although the broad area measurements made suggest that the σS term was dominant. In subsequent broad-area measurements, the first term alone in equation (12) was used to relate measured shift to σM as the "(average) hydrostatic stress," "mean (normal) stress," or "hydrostatic component of strain," [4, 26-30, 34, 42, 56] . In some cases in which the CTEinduced microstructural stresses were small relative to other stresses, e.g., the oxidized film on substrates systems of [29] , this was a good approximation. In other cases, in which there were only CTE-induced microstructural stresses, e.g., [56] , the approximation led to an assessment of nearly zero microstructural stress. In point measurements, the approximation led to the determination of σM as the "average (local) hydrostatic stress" [36] , σM/3 as the "nearly uniaxial bridging stress," [38, 40] , or bounds between σM and σM/3 (deliberately using R2 to minimize (Πc -Πa) [39] ). In some cases, e.g., [18, 59] , no stress relation is given. In all cases, it is difficult to make a direct stress comparison. Finally, in terms of mean stress relations, it is noted that the Cr composition of the deliberately doped polycrystalline Al2O3 here is greater than all used previously. Hence, although the composition correction to the shift was calculable, equations (8) and (9), it was small and probably not a significant factor in inferred stress comparisons. The difference between the β values (equation (8)) determined at 77 K on single crystals (about 100 cm −1 ) [7] with those inferred here at room temperature on polycrystals (about 150 cm −1 ) should be resolved by more extensive measurements on a wider range of polycrystalline materials.
The results presented here may be used to generate the characteristics of an effective broad area measurement, and in particular the inferred width of a material stress distribution. The characteristics of such an effective measurement are obtained by convoluting the photoluminescent spectrum of sapphire (Fig. 2) with the peak-center distribution of a polycrystalline material (Fig. 4) . In particular, for R1 and the 6-h material, convolution results in an effective broad area polycrystalline spectrum very similar in appearance to those of the single- 
where HWHHsapphire (= 5.5 cm −1 ) is the HWHH of sapphire given earlier. Equation (13) broad area measurements on other Al2O3 materials [20] . These values are all much greater than the standard deviations or HWHHs (both about 0.5 cm −1 here) of the directly measured peak center distributions (Fig. 4 , Table 1 ), and lead to much greater inferred stress distribution widths of several hundred MPa [20, 49] compared with the 70 MPa determined here. The resolution to this discrepancy lies in realizing that equation (13) where a1 and a2 are coefficients that depend on the shape of the peak center distribution. The direct measurement of the peak center distribution via the hyperspectral imaging here enables these coefficients to be determined: For the (R1, 6-h) example, taking a1 = 1 gives a2 = 1.26.
More detailed analyses of hyperspectral map data on a range of materials should enable better estimates of these coefficients, providing a quantitative link between imaging and broad area measurements, and significantly enhancing the quantitative nature, while still retaining the convenience, of broad area measurements.
The high spatial resolution experimental stress maps presented here may be compared directly with similar maps developed by modeling CTE-driven stresses in simulated [69] and experimentally determined [70, 71] polycrystalline Al2O3 grain structures. Such comparisons
show both qualitative and quantitative agreement. Perhaps the most striking feature of the qualitative agreement is that the characteristic length scale for stress variation in the structures is much larger than the grain size [69, 70] . Further points of qualitative agreement are that there is some variation in stress within grains and that the greatest variations and magnitudes of stress occur at grain junctions [69, 71] . Quantitative points of agreement include: the magnitude of the stresses, of order a few hundred megapascal [69] [70] [71] ; the variation of stress within grains is less than the variation within the entire microstructure [69] ; there are overlapping distributions of σc [69] ; and, there is no trend of individual grain stress with individual grain size and there is a much greater range of stresses within and adjacent to grain boundaries than within grains [71] . A logical next step is to use grain orientation information obtained from electron [70] or X-ray [71] diffraction to model stress development for direct grain-by-grain comparison with the luminescence-based stress mapping.
The stress distribution overlap effects inferred here depended on material sintering time.
In particular, there were substantially more σa tensile regions in the 6 h material than the 12 h and 18 h materials and almost no σc compressive regions in the 12 h and 18 h materials, Fig. 5 .
These effects are a reflection of the microstructures of the materials. As noted above, the widths of the grain size distributions for all three materials were large and approximately constant, about 60 µm [66] . The distributions themselves were skewed to smaller grain sizes, but the asymmetry decreased with increasing sintering time as reflected in the increasing mode grain sizes of 10 µm, 15 µm, and 20 µm, respectively. As a consequence, the magnitude of the mean stresses increased with sintering time, reflecting the increased grain sizes [17, 49] , but the width of the stress distributions remained relatively constant, reflecting the constant width of the grain size distributions. The implication from Fig. 5 is that stress "reversals" from the mean stress are more likely to occur in small grains, in this case predominantly in the 6 h material and almost not at all in the 12 h and 18 h materials.
There are many obvious applications for hyperspectral fluorescence-based stress mapping in polycrystalline Al2O3, many of which have been mentioned above in the context of point or broad area measurements, including determination of: CTE anisotropy driven stress fields giving rise to microcracking [17] ; ligamentary bridging stresses giving rise to toughening [37] ; stress Page 19 of 25 fields at surface contacts [45] ; and, stresses in fibers in composites [51] . Others include determination of CTE mismatch driven stress fields, such as occur in microelectronic substrate or ceramic-metal seal applications. Future work will increase refinement in the quantitative nature of the mapping by extending the analysis to include information from the R2 peak shifts, both separately from the R1 shifts, in terms of equation (4) (and perhaps including non-linearity [21, 25] ), and in combination with the R1 shifts, in terms of mapping σc and σa or σM and σS (using two equations in two unknowns to split the stress field [54] ). Differences in the R1 and R2 peak width [20] and polarization [22, 31, 32] sensitivity to stress can also be used to increase the quantitative mapping capability. Finally, there is clearly more to the peak shift distributions of (6) , and the parameters in Table 1 . The crystallographic axial stresses, σc, are predominantly tensile and the crystallographic basal-plane stresses, σa, are predominantly compressive. Note that the scales for the crystallographic axial stresses, σc, are different for the three materials. 
